computers and in their storage capacity, now allow large-format (mega-pixel) images to be captured and stored rapidly, thereby making frame rates within the range of a few milliseconds achievable. This technological revolution allows cellular events to be recorded at speeds that are comparable to most biological trafficking events.
The speed of computational processing is essential for the analysis and preparation of these images. As each image, in effect, can represent millions of data points (pixels), the handling of these data becomes a bioinformatics problem. Images can contain information from the emission of many different dyes that have a diversity of spectral features, which make the data highly complex. For example, further parameters can be added to the two-dimensional (X-Y) image itself: time, the focal plane and wavelength. The speed of acquisition of the CCD cameras, as well as the precision of automated stages that control movement of the focal plane through the specimen, allow the investigator to collect three-dimensional images over time, thereby transforming a two-dimensional snapshot into a four-dimensional dynamic view of the intracellular space 1 . Recent developments in tunable filters, which can be set to scan across a spectrum of wavelengths with high precision, now allow the readout of the entire spectral bandwidth of an image, enabling the combinatorial use of many more dyes 2, 3 . The introduction of wavelengths into the imaging process adds a fifth dimension and allows the precise relative quantification of different molecules in the three-dimensional element (which is known as the 'voxel' for volume pixel). These developments have transformed microscopes into powerful biometric readers that now allow cellular compartments to be used for the study of molecular interactions.
Microscopes have changed substantially over the years but perhaps the most significant component of the optical revolution is the software. Computer-processing units have allowed the speed of data handling to grow every year, even faster than the doubling of It is now possible to follow changes in the spatial distribution of molecules as a function of time and of perturbations in the cellular environment. The kinetics of these movements, as well as their specific interactions with cellular structures, can be analysed using the power of digital imaging. The image sets can be subjected to mathematical analyses to enhance our understanding of molecular dynamics in living cells. Fluorescence microscopy provides the ability to quantify the number of molecules in cellular compartments, thereby transcending the qualitative, phenomenological constraints that have been the hallmark of experimental cell biology. The ability to study single molecules within single cells has been possible thanks to recent progress in the field of biological microscopy. A cell biologist today requires state-of-the-art microscopes, charge-coupled device (CCD) cameras that convert photons to electronic information, and powerful software tools for the subsequent analysis of the acquired images. This article will outline recent techniques that allow components of the gene-expression pathway to be followed in living cells and, in particular, will summarize the advances that are responsible for the detection and quantification of RNA molecules in real time and for the understanding of their expression in single cells.
The world of bioimaging
Over the past decade, a sea change has occurred in how images from the microscope are recorded and how the data are analysed. The shift from film to digital photography has caused similar revolutionary changes in the capturing of microscopic images. The improvements in CCD chips as well as the evolution of the electronic circuits that allow the unloading and storage of the collected data, together with the exponential increase in the speed of "…developments have transformed microscopes into powerful biometric readers that now allow cellular compartments to be used for the study of molecular interactions." generated and then used for imaging, detection and manipulation of biological materials. Below, we describe how these technical innovations have been put to use for the detection of nucleic-acid molecules in fixed cells and, ultimately, in living cells.
transistors per circuit as predicted by Moore's law 4 . This provides a platform for programs that require a massive throughput of data. An example is the deconvolution algorithms that enabled the three-dimensional reconstruction of images, whereby the collected light is reassigned to its points of origin using constant iterations to obtain the best fit for all the individual points 5 . By using a 'point spread function', an algorithm can be designed that describes how the objective lens of each microscope distorts point sources of light through a series of focal steps, and a mathematical function can provide the basis for restoring the images to their ideal, undistorted state 6 . Such an analysis is computationally intensive, but restorations, which took several days until a few years ago, can now be done in minutes. Different deconvolution algorithms are now available and are becoming integral components of image-analysis software packages. Eventually, even real-time deconvolutions will become commonplace. This computational approach yields images that have a higher signal-to-noise ratio than can be achieved by confocal microscopy, because out-of-focus photons, which contain information, are used by many deconvolution algorithms to reconstruct the original spatial distribution of the emitted light.
By contrast, confocal microscopy discards photons that are not within the imaged plane. This information loss is detrimental to achieving the sensitivity that is required to detect single molecules. Furthermore, analogue photomultiplying tubes (PMT), which are required to amplify the signal in the imaging process of confocal microscopy, are less sensitive than the CCDs used in modern cameras that provide the digital conversion of photons into electronic information. The emerging technology of electron-multiplying CCDs (EMCCDs) that can detect extremely weak signals over noise will provide higher levels of sensitivity in photon collection. Furthermore, by both mathematical and physical approaches, it has been possible to develop super-resolution techniques that provide discrimination beyond the diffraction limit of light 7, 8 . Statistical analysis of light diffraction across a small area as well as using a laser to deplete the disperse fluorescent light makes it possible to effectively decrease socalled Raleigh scattering -which occurs when molecules are much smaller than the wavelength of the light -and thereby increase the resolution 9 . Another avenue of progress over the past decade has been the quality and diversity of reagents 10 . New dyes such as the cyanines or Alexas provide high-quantum efficiency and low-bleaching properties. Also, new developments in single-excitation high-emission components such as quantum dots will provide new applications 11 . These technical advancements are now being harnessed in the emerging field of biophotonics in which photons are NATURE REVIEWS | MOLECULAR CELL BIOLOGY VOLUME 
Fluorescence loss in photobleaching (FLIP)
A
Inverse-FRAP (i-FRAP)
The total fluorescent signal in a cell is bleached (blue circle) except for one area in which the signal is recorded as a function of time (see figure, third panel). This technique is useful for studying small organelles as it gives a direct readout of the residency time of different factors 61, 66 . One of the main limitations of this approach lies in the time that is needed to photobleach the total fluorescent signal that is present in a cell; this makes this technique unsuitable for detecting fast translocations as the signal is lost during the bleaching phase. Red curve: the fluorescent molecule has a half residency time of 15 seconds in the compartment that is being studied.
Photoactivation
A photoactivable version of green fluorescent protein (GFP), which has a decreased absorbance at 488 nm and therefore does not behave as wild-type GFP, is activated in a cell (purple circle) and fluorescence is recorded at the activation site (see figure, bottom panel). Although similar to i-FRAP, the advantage of photoactivation is that it requires less energy than bleaching. Sub-populations that move rapidly and have a short residence time can be detected, whereas in i-FRAP they are bleached and undetectable. Photoactivation allows for the spatial detection of the successive translocations of proteins in a cell, and therefore serves as a visual, pulse-chase, realtime view of protein dynamics www.nature.com/reviews/molcellbio P E R S P E C T I V E S methods will also be useful in medical diagnostics by addressing specific gene-expression patterns at the cellular level in tissue biopsies.
Visualizing molecules in vivo
The dynamic nature of transcription requires methods that can follow gene expression in individual living cells. Imaging biological processes in vivo has been revolutionized since the introduction of genetically encoded fluorescent reagents. The use of green fluorescent protein (GFP) and its variants as fluorescent tags for the detection of cellular proteins by gene fusion have allowed a variety of proteins to be 'fluorescentized', in many cases with minimal functional consequences 21 . It is now feasible to co-express several fusion proteins in one cell, each of which is tagged with a different fluorescent protein, and then to follow their subcellular paths in living cells using a rapid-frame-rate camera that is coupled to a fluorescence microscope.
Selective labelling of molecules is now available using photoactivatable forms of GFP 22 or fluorochromes that do not fluoresce until they are excited or 'uncaged' 23 . Another labelling approach, which overcomes the bulkiness of GFP proteins and their potential consequences for protein function, involves the use of small-molecule labels such as the FlAsH (fluorescein arsenic helix binder) and ReAsH (resorufin arsenic helix binder), which are fluorescent biarsenicals that specifically recognize genetically inserted binding motifs that contain four cysteine amino acids (tetracysteine motifs) 10 . The digital format of the image files allows for measurements of the kinetic properties of these fluorescently labelled proteins. Imaging techniques such as fluorescence recovery after photobleaching (FRAP), fluorescence loss in photobleaching (FLIP), inverse-FRAP (i-FRAP) and uncaging by photoactivation (BOX 1) can provide insights into the kinetics and trafficking of subsets of the studied proteins and their accessibility to different cellular compartments. This not only provides information on the overall mobility of molecules but also allows for the detection of sequential translocation of factors from one compartment to another 24 . When attempting to observe single molecules, individual particles must be detected in each frame to address their different translocations, establishing a spatio-temporal continuum in their successive positions. In this way, one can transform a statistical view of molecular position into a meaningful dynamic view. According to the Nyquist the time of fixation and showed extensive variability in single-cell gene-expression profiles 13 . In another study, transcriptional activation of the α-and β-globin genes in erythroid cells was shown to follow a stochastic pattern of expression 14 . Detailed analyses of the patterns of gene expression in simple single-cell systems such as bacteria and yeast have shown the stochastic nature of gene expression [15] [16] [17] [18] [19] . These techniques for transcriptional visualization in fixed cells will be important in understanding complex genetic regulation such as that associated with imprinting, cellular responses to positional information within organs, or co-regulation pathways. For example, different spatial positioning within the nuclear volume of the α-and β-globin genes (which reside on separate chromosomes) has been observed in different cell types that originate from the haematopoietic system and have different expression levels of these genes 20 . These
Observations in fixed, single cells
The ability to design reagents for fluorescence in situ hybridization (FISH) in conjunction with deconvolution has allowed the detection of single molecules of RNA 12 . The first attempts to understand transcription at the single-cell level allowed the detection of a gene that actively produces mRNA at the site of transcription and provided a first description of the transcriptional-activation events that take place at a gene locus. By activating the gene for increasing amounts of time using serum stimulation, it was possible to distinguish the site for β-actin mRNA transcription 12 . Probes that were directed to the 5′ end detected all nascent transcripts, whereas probes that were directed to the 3′ untranslated region (UTR) visualized only the nearly completed transcripts, which provided a means to address the timeframe and the kinetics of transcriptional activation.
The ability to visualize the site of gene expression allowed for the single-cell analysis of several genes that are active at the time of fixation. By conjugating several dyes to different oligonucleotide probes, a mixture of probes could be designed to comprise a 'spectral barcode' . In this way, each gene was uniquely labelled with a different set of dyes. The simultaneous identification of several transcription sites in a single cultured cell provided a snapshot of the transcriptome at 
RNA labelling
RNA molecules are detected using a fusion protein that comprises green fluorescent protein (GFP) and the MS2 bacteriophage coat protein, which has an extremely high affinity for a short RNA-recognition motif that is derived from the phage genome. Single mRNA molecules that contain as few as 24 MS2 RNA repeats can be detected (see figure, panel b) . "These methods will also be useful in medical diagnostics by addressing specific gene-expression patterns at the cellular level in tissue biopsies." the stability of these labelled complexes might be problematic: the natural behaviour of the target RNA molecules could be compromised by the formation of double-stranded RNA molecules with the probe, and transcript-specific detection is an issue when using probes or proteins that bind to the entire mRNA pool. A highly specific and extremely stable fluorescent-protein-based labelling system 51 that does not affect the coding sequence of the mRNA and provides labelling for a specific sequence has been sampling theorem, images must be acquired at least at twice the highest frequency of the movements for the data to be suitable for analysis by iterative detection. However, a limitation of the sampling rate is the sensitivity of the camera; obviously, an image must be registered to detect movement in subsequent frames. In some cases, biological processes will be too fast for the sensitivity of the camera. Therefore, a means to increase the signal and decrease the noise for each of these molecules must be part of the strategy for live-cell imaging. In the case of living cells, the use of several fluorescent proteins provides cumulative signal enhancement. Improvements in singlemolecule resolution are essential and, to this end, efforts have been made to develop techniques for the imaging of single molecules in living cells. At first, these studies were focused on the visualization of the kinetics and dynamics of single molecules of fluorophores or proteins in aqueous solutions; later this was extended to the study of single-molecule dynamics within a living cell 25 . This expanding field now includes reports on enzymatic reactions and both intracellular and extracellular protein, lipid and nucleic-acid interactions on the singlemolecule level [26] [27] [28] [29] [30] [31] .
Molecular dynamics of DNA and RNA
The fluorescent tagging of proteins for their detection in single-molecule studies is usually straightforward and is carried out either by a fusion with a fluorescent protein or by labelling with a fluorescent-dye moiety. In the case of nucleic acids, intramolecular-tagging approaches are required because the target sequences -chromosomal DNA or transcribed RNA -are typically not accessible to labelling in vivo, compared with proteins. Labelling of chromosomal regions in vivo can be achieved by the use of fluorescently tagged chromosome-binding proteins and has provided valuable insights into chromatin structure as well as the global dynamics of chromatin during interphase [32] [33] [34] and mitosis [35] [36] [37] .An elegant strategy for labelling specific chromatin regions uses arrays of the lac operator (lacO) DNA sequence that are inserted into the DNA sequence of interest, and the expression of a fluorescent-protein-lacrepressor (lacI) fusion protein, which will bind to these DNA repeats 38 
. This system has been useful for understanding issues such as chromosome positioning and chromosome movements in living cells [39] [40] [41] [42] . RNA molecules that are conjugated to fluorescent dyes have been directly microinjected into living cells 43, 44 , but several techniques have been devised that avoid the need for this invasive procedure. These include the use of fluorescently labelled probes for in vivo hybridization [45] [46] [47] , caged fluorescent probes and photoactivation 23 , molecular 'beacons' that fluoresce only when the probes have hybridized to the target 48 and RNA-binding proteins 49, 50 . These studies have used several microscope-based techniques to shed light on the general characteristics of the movement of the total population of mRNA molecules in the nucleoplasmic space. However, NATURE REVIEWS | MOLECULAR CELL BIOLOGY VOLUME 
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high frequency of directed movements on microtubules 52 (FIG. 1, supplementary information S1 (movie)). Other studies have examined the localization of single RNA particles or granules. RNA granules in dendrites of hippocampal cultures had oscillatory and directed movements 56 . In budding yeast, ASH1 (asymmetric synthesis of HO endonuclease) mRNA could be seen moving directionally into the daughter cell and this movement was dependent on a myosin motor protein 51 (FIG. 2) .
The RNA-localization process could also be observed in a whole organism. Endogenous nanos mRNA was labelled with GFP-MS2 and its localization in developing Drosophila melanogaster eggs -from the ovarian nurse cells to the posterior pole of the oocyte -was recorded in real time 57 (supplementary information S2 (movie)). This was found to be a diffusion-based pathway that is assisted by the microtubule network -yet, once at the posterior pole, these mRNA molecules were anchored by an actin-dependent mechanism.
Further studies using single RNA techniques in these and in other cell systems 58 should reveal new insights into the specific behaviours of RNA molecules. A fundamental step forward would be the ability to visualize the dynamics of nucleic acids in living tissues and animals with the use of two-photon microscopy 59, 60 . This imaging technique provides greater imaging depth, less photobleaching and little background, as fluorescence occurs only at the plane of focus. Combination of the in vivo nucleic-acid labelling systems described above with twophoton microscopy will be a powerful tool for the study of intracellular dynamics.
Imaging transcription in real time
Photobleaching techniques such as FRAP, i-FRAP and FLIP (BOX 1) provide a direct estimation of the mobility of different complexes in living cells. This is an effective tool for studying enzymatic reactions as the mobilities for different complexes can be correlated with different steps of the reaction. This approach has been used to investigate the activity of characterized as diffusive, corralled, directed or stationary and could switch between these different mobilities. Furthermore, directed movements were shown to follow cytoplasmic filaments 52 . In the nucleus, mRNP movements were found to be non-directional and random, being controlled by rules of simple diffusion and not requiring energy. The mobility of these mRNP molecules could be correlated to the formation of diffusion barriers by chromatin domains 53 . Whereas single-particle tracking proved useful for the analysis of mRNP movements in their nuclear microenvironments, FRAP analysis was used to follow the characteristics of the whole population of these mRNPs, and photoactivation was used to address the mobility of subpopulations of mRNPs at the time of their release from the site of transcription.
Since this technology discerned the subsets of single mobile transcripts, it was possible to use this system to define a possible mechanism for RNA localization 55 . During this biological process only certain transcripts are mobilized to specific areas in the cell, whereas other transcripts are not. Using the above technique, single mRNA molecules that contain the 3′ UTR of the β-actin gene, which is required for β-actin mRNA localization at the leading edge of fibroblasts, showed a shown to have single-molecule sensitivity 52 .
In this procedure, a series of RNA aptamersstem-loops -are inserted into the transcript of interest, and the RNA is then tagged by the expression of a fusion protein that comprises a fluorescent protein fused to MS2 (a bacteriophage coat protein) that forms specific and stable interactions with these secondary structures (BOX 2) . These mRNA molecules had the same properties as an endogenous mRNA; that is, they are transcribed, exported from the nucleus and translated 53 . This method has proven useful for studying the behaviour of single RNA molecules in living cells 52, 53 . First, quantification of the transcripts of interest was carried out by sensitive FISH in fixed cells to confirm that they travel as single transcripts 12 . These single mRNA molecules, which bound to GFP-MS2 protein, formed particles that were then tracked, either in the cytoplasm or in the nucleoplasm. As the technique of single-particle tracking allows for the direct analysis of the motion characteristics of a particular object that is being observed in its cellular environment, it provides a means to identify the cause-and-effect relationship between intracellular organization and molecule, complex or organelle mobility 54 . For example, the tracked cytoplasmic RNA particles showed a whole range of movements that could be Figure 2 | Analysis of ASH1-particle movement in yeast. Yeast that expresses both the ASH1 (asymmetric synthesis of HO endonuclease) reporter gene, which contains MS2 stem-loops, and the green fluorescent protein (GFP)-MS2 protein were observed using epifluorescence and bright-field microscopy. Movement of the GFP-MS2-coated ASH1 mRNA particle was recorded and followed over time. Images are presented at indicated intervals. a-f | Movement of the particle from the mother cell to the bud (total distance: 23 µm in 128 s). g | The diagram shows the total path of the particle movement (43 µm in 240 s). Intervals of 30 s each are represented by different colours and images a-f are indicated by white dots on the travel line. The particle spends 180 out of 240 s in the bud and ~60 s localized at or near the bud tip. h | A yeast strain that contains a deletion of she1 (a microfilament motor that is required for the localization of ASH1 to the bud tip) and was analysed by the same approach showed significantly less net displacement and stayed within the mother cell, never localizing to the bud tip. "Combination of the in vivo nucleic-acid labelling systems … with twophoton microscopy will be a powerful tool for the study of intracellular dynamics."
developments to come will make biophotonics a field that will drive the discovery of new principles of cellular and molecular biology.
RNA polymerase I in the nucleolus 61 . In this case, the elongating polymerase is seen as an immobile fraction that is trapped on the rDNA in the nucleolus, which gives a direct reading of the elongation time of this reaction. Moreover, it was possible to differentiate between soluble pools of RNA polymerase I and gain insight into the process of RNApolymerase-I assembly on a gene.
In live mammalian cells, the lacO-lacI reporter system 38 (BOX 2) has allowed the direct observation of the unfolding of the chromatin structure following the onset of transcription 62 . This system 41 , combined with the MS2-GFP reporter system, has allowed the simultaneous observation of the production of an mRNA molecule at the transcription site, thereby providing the first real-time analysis of the onset of transcription in a live cell 39 (supplementary information S3 (movie)). Similarly, the recruitment to chromatin of the lacI-tagged oestrogen receptor and its co-activators, was studied 63 . In another system, which used an integrated array of the mouse mammary tumour virus (MMTV) promoter, the dynamics of the binding of nuclear receptors and their co-activators to the promoter were studied 64, 65 . These techniques open the door to the analysis of transcriptional-network dynamics. Using different promoters, it will be possible to dissect the temporal responses of different genes, and thereby unravel the dynamics of the activation of specific genes.
Kinetic studies of most biological processes require computational approaches that can model the rapid transitions in molecular states 66, 67 . The techniques that are described in BOX 1,  which are based on fluorescent proteins, allow the visualization of the steady-state distribution of many components in a live cell or organism. Photoattenuation or photoactivation of these fluorescent markers transiently marks part of the population of molecules, allowing the kinetics of their redistribution to be monitored. These measurements address the mobility of only the particular fluorescent molecules that are being studied, and the interactions with other molecules, such as enzymes or cellular structures, remain unseen. Computer-assisted mathematical models can define the kinetic behaviour and detect the presence of some of the unseen components, by providing association constants, enzymatic rates or diffusion coefficients 67, 68 . For example, MS2 RNA tags offer direct fluorescent readouts of an enzymatic reaction (transcription), the processing of transcripts and their release into the nucleoplasm. The kinetic information that is obtained, combined with the power of computational analysis of each of these steps, will undoubtedly start a new era in the understanding of the biology of gene expression.
Implications and future directions
The era of genetically encoded and introduced biomarkers and their synergy with the emerging area of biophotonics has only just begun. For example, the use of two-photon microscopy will extend into cells within living tissues. Normal and pathological cells can now be defined by their single-cell geneexpression profiles, which will lead to a more effective prognosis. Living cells can now be interrogated to a degree of temporal and spatial resolution that is sufficient to reveal those rapid molecular events that were previously undetected. By studying individual living cells we can achieve a new perspective, which is different from the concepts that were derived from data where populations of cells have been averaged and their diversity merged into a median trait -a process that we have termed 'the myth of the average cell' 19 . For example, in the case of gene expression, we will be able to see the on and off 'flickering' of genes as cells respond to rapid fluxes in their microenvironment. Processes that seem random and probabilistic might reveal higher orders of organization when they are studied as networks of single events using the power of mathematical modelling. We will be able to 'turn on' genes using the directed energy of light from microscope lasers, and then follow the results of expression of a single gene product in a single cell within a tissue. The ability to encode small motifs in proteins will allow us to follow the proteins that are made from a single mRNA. The synthesis of caging groups on any protein of interest will allow us to functionally photoactivate any protein we wish in any region of a cell. The refinement of other imaging techniques such as fluorescence resonance energy transfer (FRET), possibly in combination with fluorescence lifetime imaging microscopy (FLIM) or fluorescence correlation spectroscopy (FCS), will allow the analysis of the spatial and temporal interactions of several proteins in a single cell. These and more NATURE REVIEWS | MOLECULAR CELL BIOLOGY VOLUME 5 | OCTOBER 2004 | 8 6 1 "…biophotonics [is becoming] a field that will drive the discovery of new principles of cellular and molecular biology."
